NASA photovoltaic research and technology by Flood, Dennis J.
NASA Technical Memorandum 101422 
NASA Photovoltaic Research and Technology 
(hiASa-!IFl- 10 1422) NASA P H C 9 C V C L 9 8 1 C  BESEARCH B89-169 17 
ABD TECBlYCLCGY (BASA) 12 CSCL 1 O B  
G3 Unclas 
M/20 0190C71 
Dennis J. Flood 
Lewis Research Center 
Cleveland, Ohio 
Prepared for the 
Annual Meeting of the American Institute of Chemical Engineers 
Washington, D.C., November 28-December 2, 1988 
>.. . . 
https://ntrs.nasa.gov/search.jsp?R=19890007546 2020-03-20T03:21:20+00:00Z
NASA PHOTOVOLTAIC RESEARCH AND TECHNOLOGY 
I .  
cu 
N 
LD 
d 
I 
w 
Dennis Flood 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
NASA photovoltaic research and technology efforts address future Agency 
space mission needs through a comprehensive, integrated program. 
Activities range from fundamental studies of materials and devices to 
technology demonstrations of prototype hardware. The objectives of the 
program are to develop and apply an improved understanding of 
photovoltaic energy conversion devices and systems that will increase 
the performance, reduce the mass, and extend the lifetime of 
photovoltaic arrays for use in space. To that end, there are efforts 
aimed at improving cell efficiency, reducing the effects of space 
particulate radiation damage (primarily electrons and protons), 
developing ultralightweight cells, and developing advanced array 
component technology for high efficiency concentrator arrays and high 
performance, ultralightweight arrays. Current goals that have been 
quantified for the program are to develop cell and array technology 
capable of achieving 300 watts/kilogram for future missions for which 
mass is a critical factor, or 300 watts/square meter for future missions 
for which array size i s  a major driver (space station, e.g.>. A third 
important goal is to develop cell and array technology which will 
survive the GEO space radiation environment for at least 10 years with 
5% or less degradation in power. This paper will describe some of the 
research and development programs now underway within the agency and 
show what impact they can be expected to have on space power systems of 
the future. 
INTRODUCTION 
Space power technology has become a pacing item for determining our 
ability to explore and expand our presence in space. The ability to search, 
probe, survey and communicate throughout our universe will depend on 
providing adequate power to the instruments that do these jobs. Power 
requirements for space platforms are increasing and will continue to 
increase into the twenty-first century. Photovoltaics arrays have been a 
dependable power source for space for the last 30 years and have served as 
the primary source of power on virtually all DoD and NASA satellites. The 
performance of silicon (Si) solar cells has increased from 10% air mass zero 
(AMO) solar energy conversion efficiency in the early 1960's to almost 15% 
on today's spacecraft. Technology development in solar photovoltaic devices 
and arrays continues to make progress toward high performance solar cells 
and greater specific power levels, which will enable higher power electrical 
subsystems at reduced weight for housekeeping and payload power. Problems 
to be addressed that are unique to space applications include tolerance to 
the natural charged-particle space irradiation environment, damage from 
micrometeoroids and space debris impact, increased temperature stability, 
deployment and dynamic control of large support structures, achieving low 
atmospheric drag in low earth orbit, pointing and tracking requirements, and 
ground test qualification of large-area solar arrays. 
NASA SPACE M I S S I O N  ISSUES AND O P P O R T U N I T I E S  
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though most NASA m i s s i o n s  u s u a l l y  p l a c e  a premium on m i n i m i z i n g  s y s t e m  
p a r t i c u l a r l y  i n  t h e  e a r l y  s tages  o f  an advanced development  program, 
c o n s i d e r a t i o n s  can o f t e n  have a s i g n i f i c a n t  impac t  on t h e  t e c h n o l o g y  
s f i n a l l y  s e l e c t e d  fo r  f l i g h t .  
i g a t e d  l a t e r  i n  t h i s  d i s c u s s i o n .  
An example o f  t h e  p r e c e d i n g  w i l l  be 
When minimum mass c o n s i d e r a t i o n s  a r e  
dominant ,  however, t h e  d i s c r i m i n a t o r  used i s  power p e r  u n i t  mass, or  
s p e c i f i c  power (W/Kg), whether  a t  t h e  component, subsystem or system l e v e l .  
G e n e r a l l y ,  o n l y  those  t e c h n o l o g i e s  t h a t  can have a ma jo r  impac t  a t  t h e  
s y s t e m  l e v e l  w i l l  be deve loped.  
R e c e n t l y  t h e r e  has been a renewed i n t e r e s t  w i t h i n  NASA t o  ex tend  o u r  
p h y s i c a l  p resence i n  space, e i t h e r  by  a manned v i s i t  t o  Mars,  or  a r e t u r n  t o  
t h e  moon, or  b o t h .  I n i t i a l  a c t i v i t i e s  on e i t h e r  s u r f a c e  wou ld  be f o l l o w e d  
by t h e  e s t a b l i s h m e n t  o f  some k i n d  o f  h a b i t a b l e  o u t p o s t ,  wh ich  c o u l d  e v o l v e  
o v e r  t i m e  i n t o  a permanent manned base o f  s i g n i f i c a n t  s i z e  and c a p a b i l i t y .  
A new aspec t  o f  t h e  a t t e m p t  t o  e s t a b l i s h  t h i s  sort  o f  permanent p resence i s  
t h a t  t h e  m i s s i o n  r e q u i r e m e n t s  a r e  no l o n g e r  f i x e d ,  b u t  w i l l  e v o l v e  o v e r  
t i m e .  J u s t  as t h e  base i s  expec ted  t o  e v o l v e  i n  s i z e ,  c o m p l e x i t y ,  and 
c a p a b i l i t y  from i t s  i n i t i a l  o u t p o s t  c o n f i g u r a t i o n ,  t h e  power system w i l l  
a l s o  e v o l v e  from an i n i t i a l  f e w  k i l o w a t t s  t o  t h e  megawatt range .  I t  now 
becomes n e c e s s a r y  t o  examine  and d e v e l o p  a t i m e  d e p e n d e n t  s e t  o f  
r e q u i r e m e n t s  fo r  t h e  power s y s t e m ,  and t o  p u t  i n  p l a c e  a s e t  o f  advanced R&D 
programs t h a t  a r e  p r o p e r l y  phased t o  produce t h e  needed t e c h n o l o g y  a t  t h e  
r i g h t  t i m e .  
a g row ing  i n t e r e s t  i n  expand ing  t h e  scope and i n t e n s i t y  o f  those  space 
a c t i v i t i e s  t h a t  can h e l p  us deve lop  a b e t t e r  u n d e r s t a n d i n g  o f  o f  o u r  own 
p l a n e t  and m a n k i n d ' s  e f f e c t  on  t h e  g l o b a l  p rocesses  t h a t  keep i t  a h a b i t a b l e  
p l a c e  t o  l i v e .  The O f f i c e  o f  A e r o n a u t i c s  and Space Techno logy  (OAST) w i t h i n  
NASA has t a k e n  t h e  first s teps  i n  b o t h  d i r e c t i o n s  w i t h  t h e  i m p l e m e n t a t i o n  o f  
i t s  C i v i l i a n  Space Techno logy  I n i t i a t i v e  ( C S T I )  and P r o j e c t  P a t h f i n d e r .  
C S T I  c o n t a i n s  t h e  H i g h  C a p a c i t y  Power program, and P a t h f i n d e r  c o n t a i n s  b o t h  
a Sur face  Power and a Rover Power program. A l l  t h r e e  programs a r e  i n t e n d e d  
t o  produce a s e t  o f  t e c h n o l o g y  o p t i o n s  f o r  f u t u r e  m i s s i o n  p l a n n e r s  t h a t  w i l l  
s i g n i f i c a n t l y  enhance o u r  c a p a b i l i t y  t o  a c c o m p l i s h  a v a r i e t y  o f  a m b i t i o u s  
space g o a l s ,  from v i g o r o u s  manned e x p l o r a t i o n  t o  i n t e n s i f i e d  s c i e n c e  
a c t i v i t i e s .  
I n  a d d i t i o n  t o  t h e  above manned m i s s i o n  c l a s s e s ,  t h e r e  i s  a l s o  
H igh  C a p a c i t y  Power A p p l i c a t i o n s  
The H igh  C a p a c i t y  Power program addresses  t h e  development  o f  power 
s y s t e m  t e c h n o l o g y  f o r  m i s s i o n s  r e q u i r i n g  100 k i l o w a t t s  or  more. I t  i s  a t  
p r e s e n t  f ocussed  e x c l u s i v e l y  on  t h e r m a l - t o - e l e c t r i c  power c o n v e r s i o n  from 
e i t h e r  a s o l a r  t he rma l  source  or a n u c l e a r  sou rce .  The non-so la r  b a s e l i n e  
t e c h n o l o g y  i s  t h e  SP-100 n u c l e a r  r e a c t o r ,  wh ich  w i l l  i n c o r p o r a t e  thermo- 
e l e c t r i c  c o n v e r s i o n  a t  a n e t  e f f i c i e n c y  i n  t h e  range o f  3% t o  4%. The s o l a r  
t he rma l  c o n v e r s i o n  system w i l l  use h e a t  e n g i n e  t e c h n o l o g y ,  e i t h e r  a f r e e  
p i s t o n  s t i r l i n g  eng ine  or an advanced b r a y t o n  cyc le  eng ine .  I n  i t s  advanced 
v e r s i o n ,  t h e  SP-100 r e a c t o r  wou ld  use a f r e e  p i s t o n  s t i r l i n g  eng ine ,  wh ich  
would i n c r e a s e  t h a t  s y s t e m ' s  e f f i c i e n c y  t o  t h e  m id  t w e n t y  p e r c e n t  r a n g e .  I t  
i s  g e n e r a l l y  h e l d  t h a t  p h o t o v o l t a i c  power s y s t e m s  w i l l  n o t  be c o m p e t i t i v e  on 
a mass b a s i s  w i t h  t h e  n u c l e a r / s t i r l i n g  eng ine  system a t  t h e  h i g h e r  power 
l e v e l s  under  c o n s i d e r a t i o n ,  p a r t i c u l a r l y  when t h e r e  i s  a l a r g e  energy  
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s t o r a g e  r e q u i r e m e n t  ( a  l u n a r  base,  e . g . > ,  or when t h e r e  i s  a h i g h  p o t e n t i a l  
f o r  space r a d i a t i o n  damage, such as f o r  l o n g  d u r a t i o n  m i s s i o n s  i n  or  t h r o u g h  
t h e  van A l l e n  b e l t s .  That  c o n t e n t i o n  w i l l  be addressed i n  t h e  pa rag raphs  
t h a t  fo l low. 
The i s s u e s  a s s o c i a t e d  w i t h  l o n g  d u r a t i o n  s t o r a g e  t i m e s  w i l l  be d i s c u s s e d  
i n  t h e  s e c t i o n  t h a t  d e a l s  w i t h  t h e  new i n i t i a t i v e  i n  S u r f a c e  Power S y s t e m s .  
I n  t h e  case o f  o r b i t  t r a n s f e r  m i s s i o n s  r e q u i r i n g  passage t h r o u g h  t h e  van 
A l l e n  b e l t s ,  p h o t o v o l t a i c  power s y s t e m s  must  be capab le  o f  s p e c i f i c  powers 
approach ing  or exceed ing  100 W/Kg a t  end o f  l i f e  t o  be c o m p e t i t i v e  w i t h  t h e  
concep tua l  d e s i g n s  f o r  t h e  t h e r m a l - t o - e l e c t r i c  c o n v e r s i o n  systems men t ioned  
above. Whi le  p r o g r e s s  has been made i n  t h e  development  o f  t h i n  s i l i c o n  
s o l a r  c e l l s  and l i g h t w e i g h t  s t r u c t u r e s ,  i t  i s  s t i l l  beyond t h e  r e a c h  o f  
s i l i c o n  c e l l  t e c h n o l o g y  t o  assu re  l o n g  t e r m  o p e r a t i o n  i n  t h e  van A l l e n  
b e l t s .  T y p i c a l  p r o j e c t i o n s  from such m i s s i o n  p r o f i l e s  i n d i c a t e  t h a t  d u r i n g  
t h e  first t r i p  a s o l a r  a r r a y  c o u l d  be exposed t o  lMeV e l e c t r o n  e q u i v a l e n t  
f l u e n c e s  approach ing  1017 /cm2,  wh ich  wou ld  reduce t h e  o u t p u t  o f  a 
s t a n d a r d  s i l i c o n  s o l a r  a r r a y ,  such as i n t e n d e d  f o r  t h e  space s t a t i o n ,  t o  
l e s s  than  10% o f  i t s  b e g i n n i n g - o f - l i f e  (BOL) power.  There i s  a t  p r e s e n t  no  
l i g h t w e i g h t  s i l i c o n  s o l a r  c e l l ,  even w i t h  a m in ima l  p r o t e c t i v e  c o v e r g l a s s ,  
wh ich  can be i n c o r p o r a t e d  on  t h e  most advanced l i g h t - w e i g h t  a r r a y  
s t r u c t u r e ( s )  under  development  t h a t  can meet t h e  above r e q u i r e m e n t .  
A c c e l e r a t i o n  l e v e l s  a s s o c i a t e d  w i t h  e l e c t r i c  p r o p u l s i o n  b o o s t e r  r o c k e t s ,  
a l t h o u g h  n o t  l a r g e ,  ( t y p i c a l l y  l e s s  t h a n  O . l g > ,  s t i l l  impose a minimum s e t  
o f  r e q u i r e m e n t s  on  t h e  a r r a y  s t r u c t u r a l  mass, wh ich  w i l l  i n  t u r n  r e s t r i c t  
t h e  mass t h a t  can be used f o r  p h y s i c a l  s h i e l d i n g  o f  t h e  s o l a r  c e l l s .  I t  i s  
c l e a r  t h a t  a new g e n e r a t i o n  o f  s o l a r  c e l l s  i s  needed t h a t  a r e  e s s e n t i a l l y  
immune t o  r a d i a t i o n  damage, e i t h e r  t h r o u g h  some sor t  o f  i n h e r e n t  r e s i s t a n c e  
t o  t h e  e f f e c t s  o f  space r a d i a t i o n ,  or t h r o u g h  some so r t  o f  e a s i l y  
implemented damage removal  mechanism. Lead ing  c a n d i d a t e s  i n  t h a t  r e g a r d  a r e  
I n P  homo junc t i on  c e l l s ,  p a r t i c u l a r l y  i n  c o n j u n c t i o n  w i t h  c o n c e n t r a t e d  
s u n l i g h t  l e v e l s  nea r  l O O X ,  and t h i n  f i l m  c e l l s  such as amorphous s i l i c o n  and 
CuInSe2 ( 2 ,  3, 4 ) .  
above c e l l  t y p e s  f o r  space a p p l i c a t i o n s  o f  any so r t ,  l e t  a l o n e  i n  t h e  h i g h  
r a d i a t i o n  damage o r b i t s ,  i s  p r e l i m i n a r y  i n  n a t u r e .  (The f i r s t  s p a c e f l i g h t  
d a t a  on  I n P  c e l l s ,  f o r  example, have o n l y  r e c e n t l y  been r e p o r t e d  (51.1 
Tab le  I p r o v i d e s  a compar ison o f  space s o l a r  c e l l  per fo rmance as d e t e r m i n e d  
i n  l a b o r a t o r y  d e v i c e s  f o r  s e v e r a l  c e l l  t y p e s .  A g r e a t  d e a l  o f  work y e t  
rema ins  t o  d e v e l o p  f u l l y  s p a c e - q u a l i f i e d  d e s i g n s  o f  any o f  them. 
f o r  f u t u r e  m i s s i o n  p l a n n e r s  i s  s i g n i f i c a n t ,  s i n c e  such c a p a b i l i t y  p r o v i d e s  
them w i t h  an i m p o r t a n t  a d d i t i o n a l  o p t i o n  t o  c o n s i d e r  as t h e y  f o r m u l a t e  
m i s s i o n  o b j e c t i v e s  and r e q u i r e m e n t s .  
sys tem a p p l i c a t i o n s  i s  enormous, however, s i n c e  t h e  t e c h n o l o g y  wou ld  open up 
a whole new s e t  o f  m i s s i o n  o p p o r t u n i t i e s  from wh ich  p h o t o v o l t a i c  power 
systems had o t h e r w i s e  been e l i m i n a t e d .  
Almost a l l  o f  t h e  i n f o r m a t i o n  t h a t  now e x i s t s  on  t h e  s u i t a b i l i t y  o f  t h e  
The p a y o f f  
The p a y o f f  f o r  p h o t o v o l t a i c  power 
SURFACE AND ROVER POWER SYSTEMS 
Wh i le  t h e  d e f i n i t i o n  o f  a comple te  s e t  o f  t ime-dependent  r e q u i r e m e n t s  i s  
an u n f i n i s h e d  t a s k ,  an u n d e r s t a n d i n g  o f  k e y  i s s u e s  has been deve loped  t o  
h e l p  g u i d e  focussed  t e c h n o l o g y  e f f o r t s  w i t h i n  t h e  Agency. The p r e s e n t  
d i s c u s s i o n  w i l l  be l i m i t e d  t o  t h e  case f o r  e s t a b l i s h i n g  an e v o l u t i o n a r y  
l u n a r  base, s i n c e  t h e  same g e n e r a l  c o n s i d e r a t i o n s  w i l l  a p p l y ,  b u t  w i t h  
d i f f e r e n t  a s s o c i a t e d  numbers, t o  t h e  case fo r  Mars.  Techno log ies  i n t e n d e d  
fo r  a l u n a r  base a p p l i c a t i o n  w i l l  be d r i v e n  by mass c o n s i d e r a t i o n s ,  
p r i m a r i l y  because o f  t h e  h i g h  c o s t  o f  pay load  d e l i v e r y  t o  t h e  l u n a r  
s u r f a c e .  Even i f  t h e  assumpt ion  i s  made t h a t  low o p e r a t i o n a l  c o s t  c a r g o  
v e h i c l e s  w i l l  be a v a i l a b l e  f o r  t r a n s i t  from low e a r t h  o r b i t  ( from t h e  space 
s t a t i o n ,  e . g . > ,  t o  t h e  moon, t h e r e  w i l l  s t i l l  be a h i g h  c o s t  for d e l i v e r y  t o  
LEO wh ich  must  be cons ide red .  For compar ison purposes  t h e  cost can be 
r e p r e s e n t e d  by a pay load  mass m u l t i p l i c a t i o n  f a c t o r  wh ich  takes  i n t o  accoun t  
t h e  t o t a l  l aunch  mass r e q u i r e d  t o  d e l i v e r  t h e  i n t e n d e d  l u n a r  base e lemen ts  
t o  LEO. A l t h o u g h  a u n i v e r s a l l y  agreed-on v a l u e  f o r  such a m u l t i p l i e r  does 
n o t  e x i s t ,  p r i m a r i l y  because t h e  e x a c t  n a t u r e  o f  f u t u r e  heavy l i f t  l a u n c h  
c a p a b i l i t i e s  i s  n o t  known, a v a l u e  o f  5 has been assumed fo r  t h i s  
d i s c u s s i o n ,  a l o n g  w i t h  an assumed heavy l i f t  v e h i c l e  c a p a b i l i t y  o f  91,000 k g  
(200,000 pounds) t o  LEO. No f u r t h e r  j u s t i f i c a t i o n  w i l l  be g i v e n  f o r  u s i n g  
them, excep t  to  men t ion  t h a t  t h e y  have been used i n  advanced t e c h n o l o g y  
p l a n n i n g  e x e r c i s e s  w i t h i n  NASA, and t h a t  d o i n g  so a l l o w s  a q u a n t i t a t i v e  
compar ison o f  power s y s t e m  a l t e r n a t i v e s  i n  t e r m s  o f  t h e i r  " o p e r a t i o n a l "  
impac t  - i . e . ,  t h e  number o f  l a u n c h  v e h i c l e s  r e q u i r e d  t o  d e l i v e r  t h e  sys tem 
e lements  t o  LEO f o r  subsequent  t r a n s p o r t  t o  t h e  l u n a r  s u r f a c e .  
A s  ment ioned,  t h e  k e y  f i g u r e  of m e r i t  for a p h o t o v o l t a i c  a r r a y  i s  t h e  
power p e r  u n i t  mass i n  w a t t s  p e r  k i l o g r a m  (W/kg> .  For a s t o r a g e  sys tem t h e  
a p p r o p r i a t e  f i g u r e  o f  m e r i t  i s  t h e  amount o f  a v a i l a b l e  ene rgy  p e r  u n i t  mass 
i n  wa t t -hou rs  p e r  k i l o g r a m ,  (W-h r / kg> .  The advanced power system u s e s  an 
u l  t r a l  i gh twe i  g h t  p h o t o v o l  t a i  c a r r a y  and an advanced hydrogen-oxygen 
r e g e n e r a t i v e  f u e l  c e l l  (RFC) f o r  s t o r a g e .  The f i g u r e s  o f  m e r i t  fo r  b o t h  
systems a r e  l i s t e d  i n  Tab le  2 .  T a b l e  3 compares t h e  system masses for  a 
s t a t e - o f - t h e - a r t  p h o t o v o l t a i c  g e n e r a t i o n l b a t t e r y  s t o r a g e  s y s t e m  s i z e d  t o  
d e l i v e r  100 kW t o  a l u n a r  base t o  t h a t  per fo rmance p r o j e c t e d  fo r  an advanced 
v e r s i o n  o f  such a s y s t e m .  Two cases a r e  c o n s i d e r e d  f o r  t h e  336-hr l u n a r  
n i g h t :  a 100% d u t y  c y c l e  and a 20% d u t y  c y c l e .  Also shown i s  t h e  mass 
saved i n  d e l i v e r i n g  t h e  advanced sys tem t o  LEO, a l o n g  w i t h  t h e  r e s u l t i n g  
number o f  HLV launches saved, under  t h e  assumpt ions  g i v e n  above. The f i n a l  
column o f  t h e  t a b l e  shows t h e  a d d i t i o n a l  number o f  HLV launches t h a t  wou ld  
be saved by u s i n g  t h e  SP-100 n u c l e a r  power sys tem c u r r e n t l y  under  
development ,  and i n t e n d e d  t o  have a s p e c i f i c  power o f  33 W/kg. The t a b l e  
p r o v i d e s  c o m p e l l i n g  ev idence  t h a t  t h e r e  i s  a s u b s t a n t i a l  p a y o f f  t o  be had i n  
d e v e l o p i n g  t h e  advanced PV/RFC t e c h n o l o g y ,  p a r t i c u l a r l y  when p l a c e d  i n  t h e  
" o p e r a t i o n a l "  c o n t e x t  o f  t h e  w e i g h t  saved a t  LEO. A t h i r d  case a l s o  e x i s t s ,  
t h a t  i n  wh ich  t h e  a s t r o n a u t s '  s t a y  would be l i m i t e d  t o  t h e  336-hr l u n a r  day 
w i t h  a n i g h t  d u t y  c y c l e  o f  z e r o ,  or  c l o s e  enough t o  z e r o  so t h a t  l a n d e r  
energy  s t o r a g e  wou ld  be s u f f i c i e n t .  I n  t h i s  s c e n a r i o ,  o n l y  a p h o t o v o l t a i c  
a r r a y  would have t o  be d e l i v e r e d  t o  t h e  l u n a r  s u r f a c e .  A s t a t e - o f - t h e - a r t  
PV a r r a y  t o  s u p p l y  100 kWe has a mass o f  1515 k g ,  w h i l e  an advanced a r r a y  
would weigh o n l y  333 kg ,  a s i g n i f i c a n t  sav ings  under  a r e s t r i c t e d  mass 
budget .  
F i g u r e  1 p r o v i d e s  a more g r a p h i c  compar ison between t h e  mass o f  a SOA 
p h o t o v o l t a i c l b a t t e r y  system, t h e  advanced p h o t o v o l t a i c /  r e g e n e r a t i v e  f u e l  
c e l l  system, and t h e  SP-100 n u c l e a r  power system. A s  can be c l e a r l y  seen, 
t h e  advanced P V I R F C  t e c h n o l o g y  has t h e  p o t e n t i a l  t o  reduce  t h e  mass o f  a 100 
kWe l u n a r  sur face  power system u s i n g  s t a t e - o f - t h e - a r t  t e c h n o l o g y  by  more 
t h a n  a f a c t o r  o f  45, t o  a v a l u e  l e s s  t h a n  2 .5  p e r c e n t  o f  t h e  mass o f  t h e  
l a t t e r .  (The SP-100 system, even though p r o j e c t e d  t o  be l i g h t e r  t h a n  t h e  
advanced P V / R F C  system by  a f a c t o r  of 10, w i l l  o n l y  save a l i t t l e  more t h a n  
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a n o t h e r  2 p e r c e n t  of t h e  SOA system mass.) The l o n g  l u n a r  n i g h t  i s  c l e a r l y  
t h e  ma jo r  i s s u e  i n  d e t e r m i n i n g  t h e  mass o f  t h e  l u n a r  base p h o t o v o l t a i c /  
e l e c t r o c h e m i c a l  s t o r a g e  system. The key f e a t u r e  t h a t  a l l o w s  such a l a r g e  
mass r e d u c t i o n  i s  t h a t  t h e  s t o r e d  energy  i n  an advanced r e g e n e r a t i v e  f u e l  
c e l l  s y s t e m  i s  i n  t h e  form of gaseous r e a c t a n t s  s t o r e d  i n  h i g h  p r e s s u r e  
t a n k s ,  w i t h  t h e  r e s u l t  t h a t  t h e  RFC can approach 1000 W-hr/kg, a f a c t o r  o f  4 
or 5 b e t t e r  t h a n  t h a t  p r o j e c t e d  f o r  advanced b a t t e r i e s ,  and a f a c t o r  o f  more 
than  60 b e t t e r  t h a n  SOA b a t t e r i e s  ( N i H ,  f o r  example . )  
The program o b j e c t i v e  i n  t h e  P a t h f i n d e r  S u r f a c e  Power program i s  an 
A 
a r r a y  s p e c i f i c  power of 300 W/kg a t  A i r  Mass Zero (AMO) i n s o l a t i o n  ( s o l a r  
i n s o l a t i o n  a t  1 A.U.) .  A t  p r e s e n t ,  l i g h t w e i g h t  p h o t o v o l t a i c  a r r a y s  have 
been demonst ra ted  on a Space S h u t t l e  exper imen t  (OAST-1 )  a t  66 W/kg. 
r e c e n t  d e s i g n ,  under  development  a t  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  f o r  OAST,  
was e s t a b l i s h e d  a t  130 W/kg. T h i s  des ign ,  t h e  Advanced P h o t o v o l t a i c  S o l a r  
A r r a y  ( A P S A > ( l ) ,  i s  based on  2 m i l  t h i c k  s i l i c o n  c e l l s .  These two a r r a y  
des igns  a r e  i n t e n d e d  f o r  t h e  z e r o  g r a v i t y  c o n d i t i o n s  o f  LEO and GEO 
(Geosynchronous E a r t h  O r b i t ) .  For l u n a r  base a p p l i c a t i o n s ,  t h e  a r r a y  
s t r u c t u r e  must be rugged enough t o  w i t h s t a n d  t h e  1 / 6  g o f  t h e  l u n a r  s u r f a c e .  
To a c h i e v e  t h e  300 W/kg s p e c i f i c  power g o a l ,  two s o l a r  c e l l  t e c h n o l o g i e s  
have been i d e n t i f i e d  f o r  f u r t h e r  development .  These c a n d i d a t e  c e l l  t y p e s  
a r e  u l t r a t h i n  g a l l i u m  a r s e n i d e  (GaAs) and amorphous s i l i c o n  ( a - S i ) .  Tab le  4 
summarizes t h e  t e c h n o l o g i e s  t o  be deve loped f o r  a l u n a r  base power sys tem 
and t h e i r  c u r r e n t  per fo rmance.  GaAs c e l l s  a r e  c u r r e n t l y  manu fac tu red  f o r  
space use a t  an average e f f i c i e n c y  of 18 p e r c e n t ,  w i t h  r e s e a r c h  d e v i c e s  
a c h i e v i n g  21 p e r c e n t .  However, t h e  c u r r e n t  c e l l  i s  too t h i c k  a t  200 t o  250 
m i c r o n s  t o  g i v e  t h e  per formance needed f o r  l u n a r  base a p p l i c a t i o n s .  
F o r t u n a t e l y ,  because i t  i s  a d i r e c t  gap semiconduc to r ,  GaAs absorbs  a l l  
pho tons  a v a i l a b l e  for energy  c o n v e r s i o n  w i t h i n  3 t o  4 m i c r o n s  o f  t h e  
i l l u m i n a t e d  s u r f a c e .  T h i s  a l l o w s  f o r  an u l t r a t h i n ,  h i g h  e f f i c i e n c y  c e l l  t o  
be produced.  
t h e  CLEFT (C leaved L a t e r a l  E p i t a x y  f o r  F i l m  T r a n s f e r )  ( 6 )  p rocess ,  a 
t e c h n i q u e  i n  wh ich  a s i n g l e  c r y s t a l  t h i n  GaAs l a y e r  i s  grown on  a masked 
GaAs s u b s t r a t e  and m e c h a n i c a l l y  removed. 
T h i n  ( 5 . 5  m i c r o n s )  GaAs c e l l s  have been f a b r i c a t e d  u t i l i z i n g  
O t h e r  p r o c e s s e s ,  such as c h e m i c a l  t h i n n i n g  o f  t h e  s u b s t r a t e ,  have a l s o  
been s u c c e s s f u l l y  demonst ra ted  as capab le  o f  p r o d u c i n g  h i g h  q u a l i t y ,  
u l t r a t h i n  l a y e r s  and c e l l s  ( 7 ) .  B a s i c  r e s e a r c h  and deve lopment  i n  c e l l  
i n t e r c o n n e c t o r s  and c e l l  i n c o r p o r a t i o n  i n t o  a space c o m p a t i b l e  b l a n k e t  w i l l  
be c r i t i c a l  because o f  t h e  f r a g i l e  n a t u r e  o f  t h e  u l t r a t h i n  GaAs c e l l s .  
F i g u r e  2 shows one approach o u t l i n e d  by  NASA toward  a 300 W/kg zero-g  a r r a y  
based on  a t h i n  GaAs s o l a r  c e l l .  Improvements i n  t h e  s t r u c t u r e  and c e l l  
i n t e r c o n n e c t o r  w i r i n g ,  coup led  w i t h  t h e  h i g h  e f f i c i e n c y ,  t h i n  GaAs c e l l ,  
w i l l  e n a b l e  a t t a i n m e n t  o f  t h i s  per fo rmance l e v e l .  These improvements,  as 
w e l l  as t h e  o v e r a l l  d e s i g n  e x p e r i e n c e  g a i n e d  w i t h  zero-g  a r r a y s ,  can be 
i n c o r p o r a t e d  i n t o  t h e  l u n a r  base a r r a y  s t r u c t u r e .  
Amorphous s i l i c o n  i s  p r i m a r i l y  a t e r r e s t r i a l  p h o t o v o l t a i c  m a t e r i a l .  
However 9 p e r c e n t  e f f i c i e n c y  a t  AM0 has been measured. (3> 
s t r u c t u r e  o f  amorphous s i l i c o n  a l l o w s  f o r  t o t a l  c e l l  t h i c k n e s s  o f  l e s s  t h a n  
1 m i c r o n  a l o n g  w i t h  t h e  u s e  o f  f l e x i b l e  s u b s t r a t e s .  T h i s  i s  c o m p a t i b l e  w i t h  
v e r y  h i g h  b l a n k e t  s p e c i f i c  power and low volume s t o r a g e  r e q u i r e m e n t s .  
A l t h o u g h  an e x t e n s i v e  t e r r e s t r i a l  s o l a r  c e l l  m a n u f a c t u r i n g  base a l r e a d y  
e x i s t s  f o r  a-Si t e r r e s t r i a l  s o l a r  c e l l s ,  s e v e r a l  ma jo r  h u r d l e s  must  be 
overcome b e f o r e  i t  can be c o n s i d e r e d  a v i a b l e  space c e l l  c a n d i d a t e .  
The e l e c t r o n i c  
Among 
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t hese  a r e  low c o n v e r s i o n  e f f i c i e n c y  and c e l l  per fo rmance degrada t  on  under  
c o n s t a n t  i l l u m i n a t i o n .  I n  a d d i t i o n ,  even though some t e r r e s t r i a l  modules 
a r e  manufac tured  on f l e x i b l e ,  rugged s u b s t r a t e s ,  f ew  o f  t h e  mater  a l s  used 
a r e  compa t ib le  w i t h  space r e q u i r e m e n t s ,  n e c e s s i t a t i n g  b a s i c  s t u d i e s  i n  
l i g h t w e i g h t  b l a n k e t  m a t e r i a l s  and d e s i g n .  
Research and development  o n  t h e  a r r a y  s t r u c t u r e  i s  a l s o  w a r r a n t e d  by  t h e  
need, f o r  t h e  f i r s t  t i m e ,  f o r  a space s o l a r  a r r a y  t o  o p e r a t e  i n  a c o n t i n u o u s  
g r a v i t y  f i e l d .  An APSA w ing  i s  p i c t u r e d  i n  F i g u r e  3 a l o n g  w i t h  t h e  d e t a i l e d  
c r o s s - s e c t i o n  o f  i t s  b l a n k e t .  I t s  d e s i g n  s p e c i f i c  power o f  130 W/kg i s  met 
w i t h  13.5 p e r c e n t  e f f i c i e n t ,  6 3  m i c r o n  t h i c k  s i l i c o n  c e l l s .  R e p l a c i n g  t h e  
s i l i c o n  c e l l s  w i t h  GaAs c e l l s  o f  2 5  p e r c e n t  e f f i c i e n c y ,  assuming t h e  same 
b l a n k e t  mass and e l i m i n a t i n g  t h e  10% mass c o n t i n g e n c y  b u i l t  i n t o  t h e  d e s i g n ,  
y i e l d s  a s p e c i f i c  power o f  2 6 0  W/kg, q u i c k l y  app roach ing  t h e  l u n a r  base 
g o a l .  T h i s  a l s o  assumes t h a t  a reduced g r a v i t y  s t r u c t u r e  w i l l  r e q u i r e  no  
more mass than  t h e  zero-g  APSA s t r u c t u r e .  The l a t t e r  may be q u i t e  p o s s i b l e ,  
s i n c e  t h e  APSA s t r u c t u r e ,  b l a n k e t  box and dep loyment  mechanism c o n s t i t u t e  
more t h a n  f i f t y  p e r c e n t  o f  t h e  mass of t h e  e n t i r e  a r r a y .  
A t  p r e s e n t  o n l y  p r i m a r y  f u e l  c e l l s  e x i s t  and r e g e n e r a t i v e  f u e l  c e l l s ,  
wh ich  do  n o t  l i m i t  m i s s i o n  t i m e  or power a v a i l a b i l i t y  by t h e  amount o f  
hydrogen and oxygen t h a t  can be c a r r i e d  a l o n g ,  have n o t  yet  been 
demonst ra ted .  
system w i l l  be on  f u e l  c e l l  s t a c k  c o n f i g u r a t i o n s  i n c l u d i n g  oxygen e l e c t r o d e  
c a t a l y s t s ,  t he rma l  and gas management and l i g h t w e i g h t ,  h i g h  p r e s s u r e ,  r o b u s t  
t a n k  t e c h n o l o g i e s .  The p r i n c i p a l  e f f e c t  of  t h e  336 h r  d u r a t i o n  o f  t h e  l u n a r  
n i g h t  i s  t h e  r e q u i r e m e n t  f o r  a v e r y  l a r g e  f u e l  c e l l  r e a c t a n t  mass. 
T h e r e f o r e ,  s i g n i f i c a n t  mass g a i n s  can be made by  r e d u c t i o n  o f  t h e  s t o r a g e  
t a n k  mass. F i g u r e  4 i l l u s t r a t e s  t h e  e f f e c t  o f  s t o r a g e  d u r a t i o n  o n  RFC 
s y s t e m  energy  d e n s i t y  f o r  s e v e r a l  t a n k  t y p e s  ( p e r s o n a l  communica t ion  w i t h  
L.H. T h a l l e r  o f  NASA L e w i s ) .  Fo r  t h e  h i g h  p r e s s u r e  gas s t o r a g e  s y s t e m  
chosen f o r  t h e  l u n a r  base,  t h e  use o f  f i l a m e n t  wound t a n k s  enab les  t h e  
s t o r a g e  system energy  d e n s i t y  t o  approach 1000 W-hr/kg. T h i s  can be 
s i g n i f i c a n t l y  exceeded by  c r y o g e n i c  r e a c t a n t  s t o r a g e  wh ich  a t  p r e s e n t  has 
a p p l i c a t i o n  f o r  p r i m a r y  f u e l  c e l l s  o n l y .  F e a s i b i l i t y  s t u d i e s  b e i n g  
conducted  w i t h i n  NASA f o r  u s i n g  t h i s  t e c h n o l o g y  w i t h  an RFC on  t h e  l u n a r  
s u r f a c e  have n o t  y e t  been comple ted ,  b u t  e a r l y  r e s u l t s  look p r o m i s i n g ,  w i t h  
t h e  p o t e n t i a l  f o r  1500 W-hr/kg. 
The p r i m a r y  f o c u s  o f  RFC r e s e a r c h  fo r  a l u n a r  base power 
The q u e s t i o n  n a t u r a l l y  a r i s e s  c o n c e r n i n g  t h e  r e l a t i v e  impac t  o f  
u l t r a l i g h t w e i g h t  a r r a y  t e c h n o l o g y  ve rsus  t h a t  o f  advanced RFC t e c h n o l o g y  f o r  
t h e  l u n a r  base.  The severe  s t o r a g e  r e q u i r e m e n t  (336 h o u r s )  means t h a t  t h e  
b a t t e r i e s  compr ise  o v e r  98 of t h e  mass o f  t h e  SOA system i n  Tab le  3. Hence, 
even i f  no l i g h t w e i g h t  a r r a y  development  work o c c u r r e d ,  a 97% r e d u c t i o n  i n  
s y s t e m  mass c o u l d  s t i l l  be ach ieved  w i t h  t h e  RFC t e c h n o l o g y  a l o n e .  The 
answer i s  t h a t  a t  p r e s e n t  t h e r e  i s  s i m p l y  no  s u i t a b l e  s o l a r  a r r a y  t e c h n o l o g y  
f o r  t h i s  a p p l i c a t i o n ,  and g i v e n  t h e  mass c o n s t r a i n t s  o f  such m i s s i o n s ,  i t  i s  
i m p e r a t i v e  t o  d e v e l o p  t h e  l i g h t e s t  w e i g h t  v e r s i o n  t h a t  i s  p o s s i b l e .  Added 
t o  t h e  above a r e  t h e  as y e t  u n d e f i n e d  r e q u i r e m e n t s  f o r  minimum stowage 
volume d u r i n g  e a r t h - l u n a r  t r a n s p o r t  and f o r  f a s t ,  easy dep loyment  a n d / o r  
e r e c t a b i l i t y .  The s i t u a t i o n  i l l u s t r a t e s  t h e  p o i n t  made a t  t h e  b e g i n n i n g  o f  
t h e  s e c t i o n  on  NASA m i s s i o n  i s s u e s  and o p p o r t u n i t i e s .  A l t h o u g h  t o t a l  system 
mass c o n s i d e r a t i o n s  u s u a l l y  p redomina te ,  o t h e r  m i s s i o n  r e q u i r e m e n t s  w i l l  
o f t e n  have as b i g ,  i f  n o t  b i g g e r ,  an impac t  on  t h e  t e c h n o l o g y  s e l e c t e d  f o r  
advanced development  and f l i g h t .  I n  t h i s  case,  t h e  need f o r  s t o w a b i l i t y ,  
t r a n s p o r t a b i l i t y ,  and d e p l o y a b i l i t y  a r e  a t  l e a s t  as i m p o r t a n t  as minimum 
mass. 
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SUMMARY 
The intent of the preceding d scussion has been only to highlight some 
of the space power issues current y of high visibility within NASA's 
advanced planning horizon. There are a number of very legitimate concerns 
that have not been mentioned that have to do with the more "routine" uses of 
spacecraft for communication, ear h observation, and so on, as well as the 
myriad of issues associated with development of the solar array for the 
space station. What has been shown is that there is a growing interest in 
lightweight concentrator arrays with high levels of radiation resistance for 
orbital applications, and in a totally new generation of solar array 
technology for terrestrial-like applications in a non-terrestrial 
environment. While it is generally true that orbital missions require both 
minimum mass and minimum area (thereby implying high efficiency), advanced 
development of photovoltaic power systems for operation on the lunar or 
Martian surface is driven as significantly by other requirements. This new 
scenario makes it possible for the terrestrial thin film technologies to 
compete effectively with the high efficiency solar cell technology that has 
been traditionally pursued in the space program, and is ar: important new 
thrust for space solar array development. 
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TADLE I - PIIOTOVOLTAIC POWEi7 SYSTEHS PV CELL TECHNOLOGY 
SUMIMRY 
Array 
Storaqe  
CELL TYPE NOW 
Advanced 
3G0 h'/kg. ul t r a l  ightweignt  1 
1d W-hrlkg. NiH ba t te ry  1 1000 N-hr/kg, H - O  RFC I 
i S t a t  e-o i-the-art 
66 W/ka, OAST-1 
GOAL 
Power l e v e l .  
kWe 
100 
100 
E f f . ,  Rad. De?., EFf . ,  Rad.  Deg., 
P e r c e n L  P e r c e n t  P e r c e n t  P e r c e n  t a  
Night d u t y  SOA PV/battery Advanced Weight saved HLV Additional 
c y c l e ,  mass. PV / R FC a t  LEO,  launches HLV's saved 
percent  kg mass, k a  saved U/SP-iOO 
kg 
100 i 680 000 3d 350 7 910 000 8 7  1.6 
20 336 420 7 133 1 580 000 17.4 I .2 1 
GaAs 21 
Tandein Cel l  I n  Dev 
I n P  19 
T h i n  F i l m  Cells 6 
r I Lunar base design Current  per fomance  
21  percent  
9 percent  
I Photovol t a i  c devices  Gal 1 i urn a r s e n i  de 
Amorphous s i 1  icon I 25 percent AM0 eff ic iency 15 percent  AH0 eff ic iency 
10 t o  15 25.5 
I n  Dev 30 
111 Dev 20 
10 10 
. 
10 
10 
0 
5 
Array s t r u c t u r e  
'Speci f i  c power 300 W/kg (APSA) 
Energy s t o r a g e  
High p r e s s u r e  g a s  1000 W-hr/lcg 
Regenerative f u e l  c e l l  60 percent e f f ic iency  
~ ~~~ 
a A f t e r  10 y e a r s  i n  Gi0 
T A B L E  11. - F!GiJRE OF ME2IT CS?PARISOr!S FOR PHOTOVOLTAIC/ 
ELECTROCHE3ICAL T E T H N O L O G (  OPTION5 
1 I 
TABLE 111. - COMPARISON OF C'JRRENT A X I  AOVCNCEO P U O T C V O L T A I C  POWE2 SYSTE3S FOR A WNXE3 
L U N A R  3ASE 
[Instrument sh ie ld ina  only f o r  SP-100.1 
66 W/kg (OAST-1) 
300 W-hr/kg (primary fuel  c e l l )  
60 percent  e f f i c i e n c y  
I I I I 
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FIGURE 2. - HIGH PERFOWNCE SMAR ARRAY RESEARCH AND TECHNOLOGY. 
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